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Abstract Ion exchange is an alternative process for uptake
of noble metals from aqueous solutions. In the present study,
the sorption of Pd(II), Pt(IV), and Au(III) ions from aqueous
solution was investigated by using Purolite A-400TL
(strongly basic anion exchanger, gel, type I) in a batch
adsorption system as a function of time (1 min–4 h). Initial
Pd(II) concentration (100–1000 mg/L), beads size
(0.425–0.85 mm), rate of phases mixing (0–180 rpm), and
temperatures (ambient, 313 K) were taken into account dur-
ing the Pd(II) sorption process. Moreover, the column flow
adsorption study was carried out, and the breakthrough curves
were obtained for Pd(II) ions. The equilibrium, kinetic,
desorption, and ion-exchange resin reuse studies were carried
out. The experimental results showed that Purolite
A-400TL—the strongly basic anion-exchange resin could be
used effectively for the removal of noble metal ions from the
aqueous medium. The kinetics of sorption process is fast and
the resin could be reused without reduction of capacity (three
cycles of sorption–desorption, the reduction of capacity is
smaller than 1 %). The column studies indicated that in the
dilute acidic solution (0.1 M HCl) the working anion
exchange capacity is high (0.0685 mg/cm3) in comparison
with the other SBA resins examined under the same experi-
mental conditions, e.g., Amberlite IRA-458 (0.0510 mg/
cm3), Amberlyst A-29 (0.0490 mg/cm3), Dowex MSA-1
(0.0616 mg/cm3), Dowex MSA-2 (0.0563 mg/cm3), Varion
ADM (0.0480 mg/cm3), and Varion ATM (0.0490 mg/cm3)
etc. The highest % of Pd(II) desorption was obtained using
thiourea, acidic thiourea, sodium hydroxide, and ammonium
hydroxide as eluting agents (%D1 was in the range of
23.9–46.9 mg/g).
Introduction
Ion-exchange resins have played a very significant role in
many branches of industry. As was reported by ‘‘Global
Industry Analysts, Inc.’’ in 2010, the global market for ion-
exchange resins is projected to exceed $535 million by the
year 2015. This tendency results from the growing demand
for pure water and its lack in the world, increasing popu-
lation growth, urbanization, industrialization, and pollu-
tion, etc. [1]. At present, the main ion-exchange resins
manufacturing companies such as Dow Corporation, Rohm
and Hass Company, Purolite Corporation, Lanxess, etc.,
produce a wide selection of ion-exchange resin types [2].
Among the ion-exchange resins available on market
strongly basic anion-exchange resins play a significant role.
Many examples of the commercial ion-exchange resins of
different types for recovery of precious metals from solu-
tions of different composition can be found in [1–6].
Among the recovery methods of valuable metal ions, the
hydrometallurgical method is one of the most effective,
whereas ion-exchange methods (sorption on ion-exchange
resins) are the only economical methods for removal of
gold and Platinum Group Metals from the diluted solution
obtained after leaching the scrap materials containing the
above mentioned metals. The advantage of the hydromet-
allurgical processes using the ion-exchange resins and ion-
exchange method applied for recovery of noble metal ions
is their possible recovery even from solutions in which
noble metal ions are in trace concentration. There are no
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other methods which can be so effective as ion exchange
used for such application. Based on the above facts, the
ion-exchange method was applied for noble metal ions
recovery from the diluted solutions using Purolite
A-400TL. Moreover, a lack of consistent knowledge rela-
ted to the behavior of noble and base metals on Purolite
A-400TL has lead us to cope with the resin for more
complete understanding of their sorption and desorption
properties. The SBA resin of similar matrix (PS–DVB) and
structure-type (gel) Lewatite MonoPlus M-600 but type 2
was applied previously by us in Pd(II) recovery both in the
batch and column studies [7].
This article reported the efficiency of the commercially
available strongly basic anion-exchange resin of type 1 [8]
Purolite A-400 TL for noble (Pd(II), Pt(IV), Au(III)) metal
ions removal from acidic solutions of different composition
(HCl; HCl–HNO3). Various parameters such as effect of
phases contact time, initial metal ions concentration, agi-
tation speed, temperature, and beads size distribution were
considered in the batch mode to optimize conditions for the
effective removal of these metal ions. Additionally, to
characterize the loading processes of Pd(II) onto the SBA
resin, a column system was applied. Equilibrium, kinetic,




The single stock solutions containing metal ions such as
Pd(II), Pt(IV), and Au(III) were prepared from solids:
PdCl2 or liquid: H2PtCl6, HAuCl4 in 0.1 M HCl. In the
case of palladium stock solution, a weighed amount of salt
was dissolved in 1.0 M HCl solutions (temperature: 333 K,
microwaves (Inter Sonic, type IS-1 with a thermoregula-
tor), digestion time = 1 h). The concentration and com-
position of acidic solutions containing selected metal ions
were following: 0.1–6.0 M HCl—100 mg/L M(II), M(III)
or M(IV) and 0.1–0.9 M HCl—0.9–0.1 M HNO3—
100 mg/L M(II), M(III) or M(IV).
All the reagents were of analytical purification grade
(POCh, Poland).
Purolite A-400TL characteristics
Purolite A-400TL is a strongly basic polystyrene-divi-
nylbenzene anion-exchange resin of –N?(CH3)3 (type 1)
functional groups. It has a gel structure; the total exchange
capacity is 1.3 eq/L (in the Cl- form). Harmonic mean
sizes are equal to 0.425–0.85 mm (uniform coefficient
max. 1.3). The maximum operating temperature is 373 K
(in the Cl- form) and 333 K (in the OH- form). The pH
limits are following: 0–14 (stability) and 1–10 (operating;
the OH- form). Moisture retentions and reversible swelling
are equal to 48–54 and 20 % (Cl- to OH-), respectively.
Purolite A-400TL has excellent physical stability which
permits a long life without the development of excessive
pressure drop, even when operating at high flow rates. It
also shows good kinetics of exchange. Purolite A-400TL is
advisable for the demineralization of water and silica
removal.
From the physical structure point of view, gel-type ion-
exchange resin beads are homogeneous, whereas in the
case of macroporous (macroreticular) one of the resin
beads are heterogeneous and consist of interconnected
macrospores surrounded by gel-type microbeads agglom-
erated together. The macrospores have sizes ranging from
several angstro¨ms up to many hundreds of angstro¨m, while
microbeads give the resin a large internal surface area
which depends on the size of these microbeads.
Methods and measurements
The sorption, equilibrium, kinetic, desorption, and reuse
studies were carried out by means of the batch method using
a thermostated shaker (Elpin?, 358S, Lubawa, Poland).
Sorption studies: The sorption studies were conducted in
Erlenmeyer 100 mL flasks by adding 0.5 (±0.0005) g of
Purolite A-400TL to 50 mL of metal solutions of 100 mg/L
concentration (0.1–6.0 M HCl—100 mg/L M(II), M(III) or
M(IV) and 0.1–0.9 M HCl—0.9–0.1 M HNO3—100 mg/L
M(II), M(III) or M(IV)). After shaking the flasks at 180 rpm
and ambient temperature and time interval from 1 min to
4 h, the SBA resin was separated from aqueous solution by
filtration. The final concentration of metal ions in the solu-
tion after sorption processes was determined using The Fast
Sequential Atomic Absorption Spectrometer, Vari-
anAA240FS, equipped with the appropriate hollow cathode
lamps and SIPS autosampler and then calculated using the
following equation:
qe ¼ ðCo  CeÞV=W ð1Þ
where Co and Ce are the initial and equilibrium concen-
trations of M(II), M(III), or M(IV), respectively (in mg/L);
V (in L) is the volume of M(II), M(III), or M(IV) con-
tacting solution; W (in g) is the SBA resin mass.
Kinetic studies
Kinetic experiments were identical to those of the sorption
test, but some experimental conditions were changed to
examine the influences of Pd(II) initial metal concentra-
tion, temperature, beads size distribution, and agitation
speed on the sorption processes. The experimental
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conditions were following (mass of the ion exchanger, mj;
volume of the solution, V; initial Pd(II) concentration, Co;
amplitude, A; agitation speed, Vas; temperature T; phases
contact time, t; beads size distribution, bs):
• mj = 0.5 g, V = 50 mL, Co = 100, 500, 1000 mg
Pd(II)/L, A = 8, Vas = 180 rpm, T—ambient,
t = 1 min to 4 h, bs—0.425–0.85 mm—effect of the
initial Pd(II) concentration,
• mj = 0.5 g, V = 50 mL, Co = 500 mg Pd(II)/L,
A = 8, Vas = 120, 150, 180 rpm, T—ambient,
t = 1 min to 4 h, bs—0.425–0.85 mm—effect of agi-
tation speed,
• mj = 0.5 g, V = 50 mL, Co = 500 mg Pd(II)/L,
A = 8, Vas = 180 rpm, T—ambient, 313, 333 K,
t = 1 min to 4 h, bs—0.425–0.85 mm—effect of
temperature,
• mj = 0.5 g, V = 50 mL, Co = 500 mg Pd(II)/L, A = 8,
Vas = 180 rpm, T—ambient, t = 1 min to 4, beads size—
f1, f2, f3, f4 (0.85[ f1 C 0.6 mm; 0.6 [ f2 C 0.5 mm;
0.5[ f3 C 0.43 mm, 0.43[ f4 C 0.425 mm)—effect of
beads size distribution.
The kinetic studies were carried out from the solutions
containing Pd(II) ions (single solutions) of the following
composition: 0.1 M HCl—100, 500 or 1000 mg Pd(II)/L
and 0.1 M HCl—0.9 M HNO3—100, 500 or 1000 mg
Pd(II)/L (effect of initial Pd(II) concentration) and 0.1 M
HCl—500 mg Pd(II)/L and 0.1 M HCl—0.9 M HNO3—
500 mg Pd(II)/L (effect of agitation speed, effect of tem-
perature, and effect of beads size distribution).
The saturation degree (or fractional attainment of equi-
librium) (F) is calculated from Eq. 2:
F ¼ qt=qe ð2Þ
where qt and qe are the amount of Pd(II) sorbed (in mg/g) at
time t and equilibrium, respectively. Based on the kinetic
curves (plot of F vs t) the half-exchange times, t1/2 (in s),
were determined at F = 0.5 [9].
Equilibrium studies
The equilibrium studies were carried out under the experi-
mental conditions: mj = 0.5 g, V = 50 mL, Co =
100–6000 mg/L in 0.1 M HCl, A = 8, Vas = 180 rpm, T—
ambient, t = 24 h, bs—0.425–0.85 mm, and the procedure
was identical to those applied during the sorption studies.
Desorption studies
Different eluting agents were prepared by dilution of concen-
trated hydrochloric acid (0.1–6.0 M HCl), nitric acid
(0.1–4.0 M HNO3), sulfuric acid (0.5–4.0 M H2SO4), ammo-
nia (0.5–2.0 M NH4OH), sodium hydroxide (0.1–3.0 M
NaOH), 1.0 M TU (thiourea), 1.0 M TU—1.0 M HCl; 1.0 M
TU–1.0 M HNO3 in order to elute the retained noble metal ions
from Purolite A-400TL. The desorption experimental condi-
tions were: mj = 0.5 g, V = 50 mL, A = 8, Vas = 180 rpm,
T—ambient, t = 2 h and changeable concentration and types
of eluting agents. The sorption–desorption cycle was repeated
three times to obtain information about Purolite A-400TL reuse
possibility.
Breakthrough capacities
In characterization of SBA resin applicability for metal
sorption purposes, loading capacity is one of the main
parameters commonly used. It is defined as a number of metal
ion equivalent per mass of resin that can be removed from the
solution containing the ion (in equilibrium state) [2, 7].
The dynamic procedures were applied to obtain the
breakthrough curves and capacity. The one-centimeter
diameter columns were filled with swollen Puolite A-400TL
in the amount of 10 mL. Then, the solution of 100 mg/L was
passed through the anion-exchange resin bed at the rate of
0.4 mL/min. The eluate was collected in the fractions, and
the metal concentrations were determined.
Analytical procedure
The concentration in the solution after the sorption, desorp-
tion, kinetic, equilibrium, and reuse studies was obtained by
the AAS method. Standard solutions were prepared by dilu-
tion of the standard stock solutions (1000 mg/dm3 in 0.1 M
HNO3) with acids and distilled water. The concentration of the
standard solutions was changeable depending on the metal
ions concentration determination. An oxidizing air-acetylene
flame was used for atomization. The other parameters were
following: lamp current 10 mA—Pd(II); 4.0 mA—Au(III);
7 mA—Pt(IV), slight width 0.2 nm—Pd(II), Pt(IV);
1.0 nm—Au(III), acetylene flow 2 dm3/min, air flow
13.5 dm3/min, and the analytical wavelength 247.6 nm—
Pd(II); 242.8 nm—Au(III); 265.9 nm—Pt(IV).
Results and discussion
Sorption capacity—effect of experimental conditions
The complexation chemistry and ionic state of Platinum
Group Metals and gold in the chloride solutions with
varying chloride ion concentration have been described by
other researchers [2, 10, 11]. In the chloride solutions the
palladium(II), platinum(IV), and gold(III) metal ions can
exist in different forms of their complexes. Depending on
the solution pH and total concentration of chloride anions,
these metals form cationic, non-anionic, and anionic
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complexes. More information about the Pd(II), Pt(IV), and
Au(III) complexes species can be found in [2, 12, 13].
In our studies (metal ions sorption from the chloride
solutions: 0.1–6.0 M HCl—100 mg/L M(II), M(III), or
M(IV)) Pd(II), Pt(IV), and Au(III) metal ions exist in the
forms of anionic complexes of different ionic structure and
properties (see Table 1) [10, 11]. The effect of acids con-
centrations (chloride concentrations) and phases contact
time on the metal ions sorption on Purolite A-400TL is
presented in Fig. 1a–c for the chloride and Fig. 1d chloride–
nitrate solutions (in this case only the equilibrium sorption
capacities for Pd(II), Pt(IV), and Au(III) were compared). In
the dilute chloride solutions such as 0.1 M HCl, the equi-
librium sorption capacities achieved the highest possible
values for Pd(II) and Pt(IV) (removal is quantitative) 10 mg/g
and 9.99 mg/g for Au(III). With the hydrochloric acid con-
centration increase, the equilibrium sorption capacities
decrease. The reduction of sorption capacity is the highest for
Pd(II) and is equal to 29 %. The sorption capacities drop
from 10 mg/g (0.1 M HCl) to 7.10 mg/g (6.0 M HCl); from
10 mg/g (0.1 M HCl) to 9.31 mg/g (6.0 M HCl), and from
9.99 mg/g (0.1 M HCl) to 9.72 mg/g (6.0 M HCl) for Pd(II),
Pt(IV), and Au(III), respectively. These sorption capacities
changes indicate only 6.9 and 2.7 % reduction of their values
for Pt(IV) and Au(III). Phases contact time also influences on
the sorption capacities. The amount of the metal ions uptake
increased with the increasing phases contact time. At the
beginning of the sorption process (for short phases contact
time), the qt values increase is high and they decrease with
the phases contact time increase. When the system reached
equilibrium, further increase of the phases contact time does
not result in the increase of qt values because they remain
unchanged. The rapid sorption observed during the first
30 min is probably due to the abundant availability of active
sites on the anion exchanger surface (the solute concentra-
tion gradient was relatively high) and with the gradual
occupancy of these sites, the sorption becomes less efficient.
With the hydrochloric acid concentrations increase, the time
necessary to attain equilibrium is longer. In 0.1 M HCl
solution quantitative removal of Pd(II) is obtained after only
15 min, whereas for Pt(IV) and Au(III) longer time is nee-
ded. Compared to other studies this time is very short and
similar to that obtained for the Dowex MSA-1 [14], Lewatite
TP-220 [12], and Purolite A-830 [15] ion exchange resins.
For the chloride–nitrate(V) solutions, the changes of qt
values are different. With the hydrochloric acid concen-
tration increase and nitric acid concentration decrease the
equilibrium sorption capacities for Pd(II) also increased by
about 8 %, whereas for Pt(IV) and Au(III) noble metal
ions, the changes of qt values with acids concentrations are
negligible (0.4 % for Au(III) and about 1 % for Pt(IV)
increase was observed). Time required to reach equilibrium
is longer for the HCl–HNO3 solutions compared to the HCl
solutions. More information about changes of Pd(II) solu-
tions in the nitrate solution can be found in [16].
Not only the acids concentrations and phases contact
time were taken into account during the recovery process
but also the agitating speed, beads size distribution, initial
Table 1 Noble metals oxidation and chloro-complexes [10, 11]
Metal Electron
configuration








Pd(II) d8 4 Square planar PdCl4
2- PdCl4
2- Stable Very stable -
Pd(IV) d6 6 Octahedral PdCl6
2- PdCl6
2- Unstable Stable Unstable
Pt(II) d8 4 Square planar PtCl4
2- PtCl4
2- Unstable Unstable -
Pt(IV) d6 6 Octahedral PtCl6
2- PtCl6
2- Stable Very stable Very stable
Au(III) d8 4 Square planar AuCl4
- AuCl4
- – – –
LK coordination number, – data not available
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concentration, and temperature. The rate of recovery pro-
cess (kinetic studies) was also determined and expressed by
the saturation degree (fractional attainment of equilibrium,
F) and the half-exchange times, t1/2 (in s). The effects of
the experimental condition on the sorption process and its
kinetics are presented in Table 2.
Effect of initial Pd(II) concentration: The influence of
initial Pd(II) concentration on loading was studied by adding
0.5 g Purolite A-400TL to 50 mL solution containing 100,
500, and 1000 mg/L Pd(II) and 0.1 M HCl at ambient
temperature, with the results showing that the sorption rate
was very fast at the initial stage: after 1 min of sorption 71,
81, and 91 % of Pd(II) were removed from the solutions
containing 100, 500, and 1000 mg/L Pd(II), respectively.
F reached very high values after 1 min (higher than 0.5),
therefore, t1/2 cannot be determined with high quality (for
F = 0.5). Half-exchange time is smaller than 60 s for all
presented cases. After 10 min (100 mg Pd(II)/L) and 15 min
(500 and 1000 mg Pd(II)/L), F reached the constant values.
Similar observation was also made for the HCl–HNO3
solutions (F reached 0.55–0.76 values after 1 min). As
expected, increasing the initial concentration caused an
increase in equilibrium sorption capacity. As was pointed
out previously [16, 17], the rate of ion exchange is affected
by the initial metal concentration when the controlling step
is film diffusion, whereas the system is governed by
intraparticle diffusion, the sorption rate is not influenced by
metal concentration. In our cases at the beginning of the
sorption process, an insignificant effect of metal ion con-
centrations on the Pd(II) sorption is observed. For the
solutions of 500 and 1000 mg Pd(II)/L concentration, the
metal recovery is not quantitative, the sorption capacities are
49.97 mg/g (max. 50 mg/L) and 94.95 mg/g (max. 100 mg/
L). This is explained by the fact that as the concentration of
metal ion increases, more and more surface sites are cov-
ered, and hence at higher concentration of metal ions, the
capacity of the anion-exchange resin is exhausted due to
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Fig. 1 Changes of the equilibrium sorption capacities in a–c HCl and
d HCl–HNO3 systems obtained during the a, d Pd(II), b, d Pt(IV), c,
d Au(III) metal ions sorption on Purolite A-400TL (experimental
conditions: mj = 0.5 g, V = 50 mL, Co = 100 mg/L in 0.1 M HCl,
A = 8, Vas = 180 rpm, T—ambient, t = 1 min to 4 h, bs—
0.425–0.85 mm)
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Table 2 Comparison of F values depending of the experimental conditions applied
Time F Plot qt versus t Experimental conditions




t (min) 100 500 1000 100 500 1000
















HCl solutions mj = 0.5 g,
V = 50 mL,
Co = 100, 500, 1000 mg/L in 0.1 M
HCl,
A = 8, Vas = 180 rpm,
T—ambient,
t = 1 min to 4 h,
bs—0.425–0.85 mm
3 0.90 0.93 0.97 0.85 0.77 0.78
5 0.95 0.97 0.99 0.93 0.88 0.85
10 1.00 0.99 0.99 0.98 0.99 0.88
15 1.00 1.00 1.00 0.99 0.99 1.00
30 1.00 1.00 0.99 1.00 1.00 1.00
60 1.00 1.00 1.00 1.00 1.00 1.00
120 1.00 1.00 1.00 1.00 1.00 1.00
180 1.00 1.00 0.99 1.00 1.00 1.00
240 1.00 1.00 1.00 1.00 1.00 1.00
Time Effect of agitation speed (rpm) Plot qt versus t Experimental conditions
HCl system HCl–HNO3 system t1/2 (s)
t (min) 120 150 180 120 150 180
1 0.72 0.77 0.81 0.71 0.56 0.55 \60 s
















mj = 0.5 g,
V = 50 cm3, Co = 500 mg/L,
A = 8,
Vas = 120, 150, 180 rpm, T—ambient,
t = 1 min to 4 h,
bs—0.425–0.85 mm
3 0.73 0.87 0.93 0.76 0.64 0.77
5 0.76 0.92 0.97 0.72 0.78 0.88
10 0.80 0.98 0.99 0.82 0.95 0.99
15 0.80 1.00 1.00 0.83 0.95 0.99
30 0.89 1.00 1.00 0.94 1.00 1.00
60 0.99 1.00 1.00 0.98 1.00 1.00
120 1.00 1.00 1.00 1.00 1.00 1.00
180 1.00 1.00 1.00 1.00 1.00 1.00
240 1.00 1.00 1.00 1.00 1.00 1.00
Time Effect of temperature (K) Plot qt versus t Experimental conditions
HCl system HCl–HNO3 system t1/2 (s)
t (min) 298 313 333 298 313 333

















mj = 0.5 g,
V = 50 cm3, Co = 500 mg/L,
A = 8, Vas = 180 rpm, T—ambient
(about 298), 313 K.
t = 1 min to 4 h,
bs—0.425–0.85 mm
3 0.93 0.98 0.77 0.94
5 0.97 0.99 0.88 0.97
10 0.99 1.00 0.82 0.95
15 1.00 1.00 0.83 0.95
30 1.00 1.00 0.94 1.00
60 1.00 1.00 0.98 1.00
120 1.00 1.00 1.00 1.00
180 1.00 1.00 1.00 1.00
240 1.00 1.00 1.00 1.00
6196 J Mater Sci (2014) 49:6191–6202
123
that in low concentration ranges the percentage of sorption is
high (usually quantitative) because of availability of more
active sites on the surface of sorbent.
Effect of agitation speed
The kinetic profiles obtained for different agitation speeds
are similar after 60–120 min of phase contact time (in all
cases the applied speed was 120, 150, and 180 rpm). This
time is enough to reach equilibrium by the system even for
the cases of 120 rpm. When the agitation speed increases,
the time required to reach equilibrium decreases. For
180 rpm agitation speed, this time is reduced to 30 min (HCl
and HCl–HNO3 systems). As expected, the sorption capac-
ities at equilibrium are very close (varying by less than
0.5 % for HCl and 3 % for the HCl–HNO3 systems). The
effect of agitation speed on the sorption process is observed
at the beginning of the process. With the agitation speed
increase from 120 to 180 rpm, the F values also increase and
exceed 0.5 after 1 min (F = 0.72–120 rpm; F =
0.77–150 rpm; F = 0.81–180 rpm—HCl system, F =
0.71–120 rpm; F = 0.56–150 rpm; F = 0.55–180 rpm for
HCl–HNO3 system). Exception to the rule are the F values
for 1 and 3 min phases contact time for the HCl–HNO3
system where the values decrease or change in some way.
Faster phases mixing assure that all the surface binding sites
are made readily available for metal uptake. Additionally,
changes of agitation speed cause changes of the external
boundary film surrounding the resin beads (lower mixing—
the external boundary film is thicker). A similar effect of
sorption capacities changes with the agitation speed was
observed by other researchers e.g. Sepideh et al. [18] half-
exchange time is smaller than 60 s for all presented cases
and it decreases with the agitation speed increase (the HCl
system). As was pointed out previously [16, 17] when the
rate of ion exchange increases with the agitation speed, the
process is controlled by resistance to film diffusion, other-
wise if the agitation speed does not influence on the rate of
sorption the process is controlled by intraparticle diffusion.
Effect of temperature
The purpose of this research is to study the effect of tem-
perature on the sorption of Pd(II) ions by Purolite A-400TL.
The effect of temperature on the removal of Pd(II) in the
acidic solution by Purolite A-400TL was studied at ambient
temperature and 313 K. Due to the fact that 333 K is the
maximum temperature of thermal stability of anion-
exchange resin, the temperature study was neglected to avoid
anion-exchange resin decomposition. The data are presented
in Table 2 which shows that sorption of Pd(II) ions by Pur-
olite A-400TL negligibly increased with the increase in
temperature (HCl system; qt values increased from 40.5 mg/
g (298 K) to 43.0 mg/g (333 K)—1 min phases contact
time, from 46.5 mg/g (298 K) to 48.7 mg/g (333 K)—3 min
phases contact time, from 48.5 mg/g (298 K) to 49.7 mg/g
(333 K)—5 min phases contact time, from 49.7 mg/g
(298 K) to 49.9 mg/g (333 K)—10 min phases contact
time). A similar temperature effect is observed for 1–3 min
phases contact time for the HCl–HNO3 system (HCl–HNO3
system; qt values increased from 27.1 mg/g (298 K) to
40.1 mg/g (333 K)—1 min phases contact time, from
38.4 mg/g (298 K) to 45.3 mg/g (333 K)—3 min phases
contact time, from 43.6 mg/g (298 K) to 46.6 mg/g
(333 K)—5 min phases contact time). After 10 min of
phases contact time for the HCl–HNO3 system, the obtained
qt values are higher at ambient temperature than at 333 K.
The F values increased with the phases contact time
Time Effect of beads size Plot qt versus t Experimental conditions
HCl system HCl–HNO3 system t1/2 (s)
t (min) f3 f4 f1, f2 f3 f4 f1, f2
1 0.80 0.82 ** 0.78 0.80 ** \60 s
















mj = 0.5 g,
V = 50 cm3, Co = 500 mg/L,
A = 8, Vas = 180 rpm,
T—ambient,
t = 1 min to 4,
beads size—f1, f2, f3, f4
0.85 [ f1 C 0.6 mm,
0.6 [ f2 C 0.5 mm,
0.5 [ f3 C 0.43 mm,
0.43 [ f4 C 0.425 mm
3 0.92 0.93 0.87 0.89
5 0.96 0.98 0.90 0.91
10 1.00 1.00 0.96 0.96
15 1.00 1.00 0.99 0.97
30 1.00 1.00 0.99 0.99
60 1.00 1.00 0.99 0.95
120 1.00 1.00 0.99 0.99
180 1.00 1.00 0.99 0.99
240 1.00 1.00 1.00 1.00
* 333 K was the maximum PuroliteA-400TL temperature, therefore, to avoid possible anion-exchange resin decomposition this temperature was
not applied
** Mass of the beads from this population was not enough to carry out the batch sorption for all phases contact time
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significantly and also negligibly with the increase of tem-
perature. Usually after 15 min of phases contact time, the
F values remain unchanged. At high temperature, the
thickness of the boundary layer decreases, due to the
increased tendency of the metal ions to escape from the
anion-exchange resin surface to the solution phase, which
results in a decrease in sorption as temperature increases.
Effect of bead size distribution
200 g of the anion-exchange resin was divided into fractions
of different beads size by the classical sieve analysis. The
fractions were following: 0.85 [ f1 C 0.6 mm; 0.6 [ f2 C
0.5 mm; 0.5 [ f3 C 0.43 mm, and 0.43 [ f4 C 0.425 mm.
Due to the fact that the most of the beads belong to f3 and f4
fractions and the first and second ones were not enough
abundant in this case the sorption of Pd(II) was checked only
at equilibrium time for comparison. Based on the values of
the equilibrium sorption capacities, the effect of beads size
distributions on the sorption process of Pd(II) on Purolite
A-400TL is not marked. The differences of the sorption
capacity values at equilibrium time are so small that they can
be neglected: qt = 49.95 mg/L (f1), qt = 49.95 mg/L (f2),
qt = 49.96 mg/L (f3), qt = 49.96 mg/L (f4)—HCl system;
qt = 48.53 mg/L (f1), qt = 48.49 mg/L (f2), qt = 48.52 mg/
L (f3), qt = 48.66 mg/L (f4)—HCl–HNO3 system. At the
beginning of the sorption process, this effect is also not
marked enough compared to the other experimental param-
eters described above for which at the beginning the changes
of qt values were more marked. As expected, the sorption rate
and the time required to reach equilibrium do not change
with the beds size increase. Our previous studies of the effect
of beads size distribution on the Pd(II) sorption process
indicated that the sorption process can be effected by ion-
exchange resin beads size much more than in this paper
(Purolite A-400TL—polystyrene-divinylbenzene, gel) [15].
Kinetic studies of Purolite A-830 (polyacrylic, macropo-
rous) [15] indicated that the equilibrium sorption capacities
are not changed but the rate of sorption increases with the
beads size decrease. Similar observation was made by Wa-
wrzkiewicz [19] who applied Amberlite IRA-458 and Am-
berlite IRA-67 (polyacrylic, gel) for Direct Red 75 sorption.
This change of rate sorption was explained by the fact that for
the small beads the diffusion path lengths of the exchanging
Table 3 Equilibrium results—parameters and fitting plot
Isotherm model applied Parameters







(3) Ce/qe vs Ce Q0—the Langmuir monolayer sorption
capacity (mg/g),
b—the Langmuir constant related to the
free energy of sorption (dm3/mg),
RL—separation factor or equilibrium parameter,
kF—the Freundlich adsorption capacity (mg/g),
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ions to and from the active sites are shorter [19]. The fast
Pd(II) sorption in this case is confirmed also by the F values
close to 1 after 5–10 min of phases contact time and by small
values of t1/2. Due to the fact that the bead size effect can be
neglected, it can be stated that in this case the diffusion path
lengths of the exchanging ions did not play a significant role.
Based also on the other experimental parameters examined
here (agitation speed, temperature, and initial concentra-
tion), it can be concluded that the film diffusion plays a more
significant role in the sorption process of Pd(II) on Puroite
A-400TL.
Equilibrium studies
The equilibrium isotherm equations are used to describe the
experimental sorption data. The equation parameters and the
underlying thermodynamic assumptions of these equilibrium
models often provide some insight into both the sorption
mechanism and the surface properties and affinity of the sorbent.
Equilibrium studies were carried out using the batch
method. The initial Pd(II) concentrations were in the range
from 100 to 6000 mg/L (in 0.1 M HCl). The Langmuir and
Freundlich isotherms described in [12, 15] were applied.
The Langmuir and Freundlich parameters were obtained by
plotting Ce/qe versus Ce and ln qe versus ln Ce, respec-
tively, and the data are provided in Table 3. Table 3 shows
that the Langmuir model is more suitable than the Fre-
undlich adsorption isotherm.
The Freundlich isotherm plot of Pd(II) ions sorption pro-
vides a correlation coefficient of 0.9266, the values of kF
and 1/n obtained from the plot were 51.25 mg/g and 0.2745,
respectively. The values of R2 are smaller than 0.99 which
indicate that the relationship Ce/qe versus Ce is not linear. The
Langmuir plot gives a better correlation coefficient than the
Freundlich one, and the correlation coefficient is equal to
0.9448 but it is still not satisfactory. The sorption capacity
value calculated from the Langmuir isotherm equation is
equal to 404.15 mg/g, whereas the experimental qe is higher
by about 3 % (413.93 mg/g). The difference between the
calculated and the experimental sorption capacity values is
not high. The essential characteristics of a Langmuir isotherm
can be expressed in terms of a dimensionless constant sepa-
ration factor or the equilibrium parameter, RL (RL = 1/
(1 ? bCo)). The parameter indicates the isotherm shape as
follows: RL [ 1—unfavorable, RL = 1—linear, 0 \ RL \
1—favorable, RL = 0—irreversible. The RL values are
0.4868, and it is a typical behavior of the favorable isotherm.
Column experiment
Column experiments were conducted using a glass tube of
1 cm diameter by passing the initial solution concentration
of 100 mg Pd(II)/L through the Purolite A-400TL beads.
The breakthrough curve (plot C/Co vs V) and the working
ion exchange capacities (Eq. 5), the weight (Eq. 6) and bed
(Eq. 7) distribution coefficients were calculated using the
following equations:
Cr ¼ ðVp  CoÞ=Vj ð5Þ
Dw ¼ ðU  Uo  VÞ=mj ð6Þ
Dv ¼ Dwdz ð7Þ
where Cr is the working ion exchange capacity, Vp is the
collected volume of effluent between the first fraction and
that to the breakthrough point (mL), Co is the initial Pd(II)
concentration, Vj is the volume of ion exchanger bed put



































Pd(II) sorption on PurolteA-400TL
0.1 M HCl - 0.9 M HNO3
0.2 M HCl - 0.8 M HNO3
0.5 M HCl - 0.5 M HNO3
0.8 M HCl - 0.2 M HNO3
0.9 M HCl - 0.1 M HNO3
(a)
(b)
Fig. 2 Breakthrough curves of Pd(II) sorption on Purolite A-400TL
from a HCl and b HCl–HNO3 systems
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into the columns, Dw is the weight distribution coefficient,
U is the effluent volume at C = 0.5 C/Co (mL), Uo is the
dead volume in the column (mL), V is the void (inter-
particle) ion exchanger bed volume (which amounts to ca.
0.4), mj is the dry ion exchanger weight (g), Dv is the bed
distribution coefficient, dz is the ion exchanger bed density.
The breakthrough curves are presented in Fig. 2. whereas
the calculated parameters in Table 4. As can be seen the
breakthrough curves possess at the beginning the S-shape
but then the end of the curves is not typical. Figure 2
indicates that the ratio of C to Co achieved a constant value.
This tendency was not observed previously, only for Pur-
olite S-984 the breakthrough curves possess also unusual
shape [20]. The explanation of such tendency has not been
found yet. Probably, a gel structure as well as the resin
capacity can play a main role here. The SBA resin
capacities values change with the concentration of acids.
For the HCl system, the values of the working ion
exchange capacities are much higher for dilute acidic
solutions compared to the capacities obtained for the HCl–
HNO3 system. Additionally, typical reduction of Cr values
was observed with the increasing HCl acid concentrations.
The competitive effect of Cl- anion and Pd(II) complexes
is marked here [2]. For the HCl–HNO3 system, the
capacities increase with the HCl concentration increase and
HNO3 concentration decreases. Such behavior was
observed previously for about 30 examined ion-exchange
resins [4, 5, 8, 12, 14, 15, 20] etc. The mechanism of Pd(II)
can be presented as follows:
Purolite A-400TL shows high sorption capacity
(0.0685 mg/cm3) compared to the other SBA resins such as
Amberlite IRA-458, Amberlyst A-29, Dowex MSA-1,
Dowex MSA-2, Varion ADM, Varion ATM (capacities for
other SBA resins are in the range from 0.048 to 0.0616 mg/
cm3) in 0.1 M HCl.
Desorption and reusable properties of purolite A-400TL
The desorption studies and possibilities of Purolite
A-400TL reuse were carried out. In the desorption studies,
many eluting agents of different concentrations were
applied such as 0.1–4.0 M HNO3, 0.1–6.0 M HCl,
0.5–4.0 M NH4OH, 0.5–3.0 M NaOH, 0.5–4.0 M H2SO4,
and 1.0 M TU (thiourea) or acidic TU (1.0 M TU—1.0 M
HCl; 1.0 M TU—1.0 M HNO3). The desorption results are
shown in Table 5. Based on Table 5 the following obser-
vations can be made:
• sorption SBA resin capacities are high and even after
three cycles of sorption–desorption these values remain
almost unchanged—the capacity reduction is smaller
than 1 %. The advantage of this resin is the fact that it
can be used many times without significant reduction of
capacity.
• desorption effectiveness of desorption studies is not
satisfactory enough. Application of acids gives desorp-
tion yield in the range from 0.1 to 30.5 % (D1), from 0
to 20.3 % (D2), and from 0.1 to 18.5 % (D3). Better %
of desorption was obtained by using basic solution but
the desorption yield did not exceed 47 %. Acidic
solutions of TU and those without acid in this case did
not give satisfactory results either. The % of desorption
usually decreases with the next cycle of sorption–
desorption. In the calculation of % D, e.g., in the
second step, the amount of Pd(II) not desorbed in the
first cycle was taken into account and added to the
amount of Pd(II) retained in the second step of sorption.
The comparison of eluting agents applied in Pd(II)
desorption from other (bio)sorbents and the effectiveness
of ion-exchange resin regeneration was presented previ-
ously in Table S7 in [15]. As follows from the table acids,
bases and TU solutions were usually applied as eluting
agents. The effectiveness of % D is different but acidic
thiourea solution seems to be the most appropriate for this
purpose but in many cases the use of such solutions did not
give a quantitative Pd(II) recovery. Sometimes changes of
volume of the eluting agents, concentrations, and temper-
ature make the elution more quantitative.
Conclusions
Based on the present study, it is clearly shown that Purolite
A-400TL (polystyrene-divinylbenzene anion-exchange
resin of –N?(CH3)3 (type 1) functional groups and gel-
type) is found to be an effective sorbent for removal of
Pd(II), Pt(IV), and Au(III) ions from aqueous solution. The
experimental sorption capacity of Purolite A-400TL,
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Table 4 Comparison of the sorption parameters—column studies of Pd(II) recovery on Purolite A-400TL
– values were not obtained
Table 5 Effectiveness of sorption and desorption processes
0.1 M HCl—100 mg Pd (II)/L
Eluting agent S1 D1 S2 D2 S3 D3
1 0.1 M HNO3 100.0 0.5 99.8 0.6 99.8 0.6
2 1.0 M HNO3 100.0 10.5 99.8 8.0 99.8 8.2
3 2.0 M HNO3 100.0 19.4 99.7 13.1 99.8 12.9
4 3.0 M HNO3 100.0 25.9 99.8 16.1 99.8 15.6
5 4.0 M HNO3 100.0 30.5 99.8 20.3 99.9 17.4
6 0.1 M HCl 100.0 0.1 99.8 0.0 99.9 0.1
7 1.0 M HCl 100.0 1.9 99.9 2.0 99.8 2.5
8 2.0 M HCl 100.0 5.4 99.9 4.7 99.9 5.8
9 3.0 M HCl 100.0 8.0 99.9 7.4 99.9 8.6
10 6.0 M HCl 100.0 24.3 99.9 19.1 99.9 18.1
11 0.5 M NH4OH 100.0 44.9 99.8 22.4 99.6 19.1
12 1.0 M NH4OH 100.0 42.9 99.8 23.3 99.6 17.5
13 2.0 M NH4OH 100.0 46.9 99.8 23.2 99.8 18.3
14 3.0 M NH4OH 100.0 44.8 99.8 21.4 99.8 17.7
15 4.0 M NH4OH 100.0 43.8 99.7 24.5 99.8 18.9
16 0.5 NaOH 100.0 23.9 99.9 14.3 99.9 5.1
17 1.0 M NaOH 100.0 27.3 99.9 20.6 99.9 16.8
18 2.0 M NaOH 100.0 35.2 99.9 20.8 99.9 17.4
19 3.0 M NaOH 100.0 37.5 99.9 22.4 99.9 18.5
20 0.5 M H2SO4 100.0 0.2 99.9 0.2 99.9 0.2
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strongly basic anion-exchange resin, was found to be
413.93 mg Pd(II)/g, and the calculated one (Langmuir
capacity) was equal to 404.15 mg Pd(II)/g. The sorption
process is slightly affected by such parameters as agitation
rate, bead size distribution, and temperature. The initial
Pd(II) concentration and phases contact time play a sig-
nificant role in Pd(II) recovery. The percentage removal of
Pd(II) increased with the increase in contact time. The rate
of Pd(II) removal and the kinetics of sorption process are
very fast, therefore, the time required to reach equilibrium
is very short and the saturation degree (or fractional
attainment of equilibrium) reached the constant values after
short phases contact time. Half-exchange time is smaller
than 60 s for all presented cases. Desorption studies
showed that the strongly basic anion-exchange resin can be
regenerated (but not quantitative Pd(II) desorption is
observed) and reused. Moreover, the reduction of capacity
after three cycles of sorption–desorption is negligible
(smaller than 1 %). Column studies indicated that in the
dilute acidic solution (0.1 M HCl) the working anion
exchange capacity is high (0.0685 mg/cm3) in comparison
with other SBA resins examined under the same experi-
mental conditions.
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Table 5 continued
0.1 M HCl—100 mg Pd (II)/L
Eluting agent S1 D1 S2 D2 S3 D3
21 2 M H2SO4 100.0 3.3 99.9 2.8 99.8 2.6
22 4 M H2SO4 100.0 5.2 99.9 3.9 99.8 3.4
23 1.0 M TU 100.0 40.0 99.1 23.3 99.3 14.4
24 1.0 M TU—0.1 HCl 100.0 41.7 99.7 25.0 99.0 16.2
25 1.0 M TU—0.1 HNO3 100.0 38.0 99.4 14.1 99.6 15.0
S sorption, D desorption, 1,2,3 number of cycle
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